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OBJECTIVES The aim of this study was to characterize the kinetics of cardiac output during recovery from
maximal exercise in patients with chronic heart failure (CHF).
BACKGROUND Recent studies have shown that oxygen uptake kinetics during recovery from exercise are
delayed in patients with CHF. However, the kinetics of cardiac output during recovery from
maximal exercise in CHF has not been examined.
METHODS Thirty patients with CHF performed maximal upright ergometer exercise with respiratory gas
analysis. Kinetics of oxygen uptake (VO2) and carbon dioxide output (VCO2) during recovery
were characterized by T1/2, the time to reach 50% of the peak values. Cardiac output was
measured at 1-min intervals during exercise and recovery. Kinetics of cardiac output during
recovery were characterized by the ratios of cardiac output during the first 4 min of recovery
to cardiac output at peak exercise. Overshoot of cardiac output was defined as a further
increase in cardiac output at 1 min of recovery above the cardiac output at peak exercise.
RESULTS Both T1/2 VO2 and T1/2 VCO2 increased as CHF worsened. The ratios of cardiac output
during recovery to cardiac output at peak exercise were significantly correlated with T1/2 VO2
(r 5 0.47 to 0.62, p , 0.05) and T1/2 VCO2 (r 5 0.40 to 0.70, p , 0.05). There was a
negative correlation between cardiac index at peak exercise and both T1/2 VO2 (r 5 20.65,
p , 0.001) and T1/2 VCO2 (r 5 20.60, p , 0.001). Overshoot of cardiac output was
recognized in 11 of 30 patients. Cardiac index at peak exercise was significantly lower in
patients with overshoot (4.5 6 0.9 L/min/m2) than in those without overshoot (6.1 6 2.1
L/min/m2, p , 0.05). However, because of a continued increase in cardiac output at 1 min
of recovery in patients with overshoot, there were no differences in cardiac index after the first
minute of recovery. Heart rate at peak exercise and recovery of heart rate did not differ
between these groups. Overshoot of cardiac output was caused by a rebound increase in stroke
volume which was due to a reduction in systemic vascular resistance.
CONCLUSIONS Prolonged kinetics of VO2 or VCO2 during recovery from maximal exercise represent
impairment of circulatory response to exercise and delayed recovery of cardiac output after
exercise. Overshoot of cardiac output at 1 min of recovery was characteristic of severe CHF
with poor cardiac output response to exercise. (J Am Coll Cardiol 2000;35:1228–36) © 2000
by the American College of Cardiology
In patients with chronic heart failure (CHF), exercise
capacity is limited by inadequate oxygen transport to work-
ing skeletal muscle due to reduced exercise cardiac output
(1–3). To assess the impairment of exercise capacity in
patients with CHF, respiratory gas analysis during exercise
has been used (1,2). Recently, studies have shown that
oxygen uptake kinetics during recovery from exercise are
delayed at more advanced stages of heart failure and that the
kinetics of recovery oxygen uptake can be used to measure
the functional capacity of CHF patients (4–9). However,
the kinetics of recovery cardiac output and their relation to
oxygen uptake kinetics during recovery have not been
evaluated in CHF. We hypothesized that the time course of
cardiac output during recovery is also slower in patients with
severe CHF, and delayed recovery of oxygen uptake kinetics
reflects the prolonged recovery of cardiac output after
maximal exercise in severe CHF. Reddy et al. (10) have
shown that increased cardiac output returned to its resting
value at 90 s of recovery from light isometric exercise in
normal subjects, but cardiac output increased further at 90 s
of recovery in patients with severe CHF. However, cardiac
output response during recovery from maximal exercise in
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patients with CHF has not been fully elucidated. The aims
of the present study were as follows: 1) to elucidate the
kinetics of cardiac output during recovery from maximal
exercise and their relation to recovery ventilatory variables in
patients with CHF; and 2) to examine whether a further
increase in cardiac output during recovery above the cardiac
output at peak exercise occurs in patients with CHF, and if
so, to characterize the hemodynamics of patients who
showed overshoot of cardiac output during recovery.
METHODS
Subjects. This study involved 30 patients (22 men and 8
women) aged 51 6 10 years with a history of CHF at least
six months in duration (Table 1). All patients had stable
symptoms at least one month before entry into the study.
The etiologic basis of CHF was dilated cardiomyopathy in
23 patients, old myocardial infarction in 6 patients and
aortic regurgitation in 1 patient. All patients had reduced
left ventricular ejection fraction (,45%) on contrast ven-
triculography or echocardiography. All patients except those
with old myocardial infarction had normal or minimally
sclerotic coronary arteries. No patients with old myocardial
infarction showed scintigraphic evidence of exercise-
induced myocardial ischemia. Twenty-one patients were in
normal sinus rhythm and nine were in atrial fibrillation.
Twenty-seven patients were being treated with angiotensin-
converting enzyme inhibitors, 25 with diuretics, and 17 with
digoxin. Patients were excluded if they had significant
pulmonary disease, intermittent claudication or angina dur-
ing exercise that could lead to nonmaximal exercise. Patients
were classified into three groups according to the New York
Heart Association (NYHA) functional classification (10
patients in class I, 10 in class II, and 10 in class III).
Exercise test. After written, informed consent was ob-
tained, all patients performed a preliminary exercise test
with respiratory gas analysis 2 to 14 days before the study to
become familiar with the procedure. Patients performed
maximal symptom-limited exercise tests while seated on an
electronically braked ergometer. After a 3-min rest period
on the ergometer, exercise began with a 3-min warm-up
period at 10 W, followed by a continuous ramp protocol
corresponding to increments of 10 W/min until the patient
could no longer continue. After stopping the exercise,
patients remained seated on the ergometer for 4 min. The
electrocardiogram was monitored throughout exercise and
recovery, and a 12-lead electrocardiogram was recorded at
1-min intervals.
Respiratory gas measurement. Respiratory gas analysis
was performed on a breath-by-breath basis using an Aero
Monitor AE-280 (Minato Medical Science, Osaka, Japan).
Abbreviations and Acronyms
CHF 5 chronic heart failure
VCO2 5 carbon dioxide output
VO2 5 oxygen uptake
NYHA 5 New York Heart Association
Table 1. Patient Characteristics and Results of Exercise Tests
NYHA I NYHA II NYHA III
n 10 10 10
Gender (male/female) 8/2 7/3 7/3
Age (yrs) 48 6 12 50 6 11 53 6 6
Body height (cm) 163.9 6 11.3 164.2 6 4.6 161.1 6 8.4
Body weight (kg) 57.0 6 8.9 58.8 6 7.6 51.9 6 6.3
BMI (kg/m2) 22.2 6 2.4 21.9 6 2.8 20.0 6 2.4
SR/AF 8/2 9/1 4/6
LVEDD (cm) 6.1 6 1.1 6.6 6 0.8 6.6 6 0.6
LVESD (cm) 5.2 6 1.1 5.5 6 0.7 5.7 6 0.7
EF (%) 31.9 6 8.4 30.4 6 6.4 24.1 6 8.3
Etiology (DCM/OMI/AR) 6/3/1 7/3/0 10/0/0
Peak work rate (watts) 119 6 28 87 6 11* 62 6 9*#
Peak VO2 (ml/kg/min) 24.4 6 2.8 18.7 6 1.7* 15.2 6 1.7*#
Peak VCO2 (ml/kg/min) 30.0 6 4.3 21.1 6 2.2* 17.1 6 2.6*#
RER at rest 0.84 6 0.05 0.85 6 0.06 0.87 6 0.07
RER at peak exercise 1.21 6 0.06 1.18 6 0.07 1.17 6 0.07
T1/2 VO2 (s) 76.3 6 10.8 93.1 6 19.9 130.8 6 23.9*#
T1/2 VCO2 (s) 83.5 6 11.3 122.5 6 28.9* 154.3 6 32.4*#
*p , 0.05 versus NYHA class I. #p , 0.05 versus NYHA II.
AF 5 atrial fibrillation; AR 5 aortic regurgitation; BMI 5 body mass index; DCM 5 dilated cardiomyopathy; EF 5 ejection
fraction (determined by contrast ventriculography or echocardiography); LVEDD 5 left ventricular end-diastolic dimension;
LVESD 5 left ventricular end-systolic dimension; NYHA 5 New York Heart Association functional class; OMI 5 old
myocardial infarction; RER 5 respiratory exchange ratio; SR 5 sinus rhythm; T1/2 VO2 (VCO2) 5 recovery half time, defined
as the time needed for the peak value of VO2 (VCO2) to decrease by half; VCO2 5 carbon dioxide output; VO2 5 oxygen uptake.
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The apparatus was calibrated before each study. Data were
processed and the following parameters were calculated
using an on-line computer system: expired minute ventila-
tion, oxygen uptake (VO2), and carbon dioxide output
(VCO2). Exercise capacity was assessed on the basis of peak
VO2, which was determined as the average of values
obtained during the final 15 s of exercise.
Hemodynamic measurements. Before exercise, a 7F
Swan-Ganz catheter was inserted into the pulmonary artery
via an internal jugular vein and a cannula was introduced
into a radial or brachial artery. Blood samples were drawn
simultaneously from this artery and the pulmonary artery at
rest, during the warm up period, at 1-min intervals during
exercise, at peak exercise, and at 1-min intervals during a
4-min recovery period. The blood samples were used to
measure oxygen saturation and hemoglobin concentration.
Cardiac output was determined by the Fick principle.
Pulmonary and systemic arterial pressure were monitored
throughout the study periods, and right atrial pressure was
recorded at 1-min intervals. Systemic vascular resistance was
calculated by (mean arterial pressure 2 mean right atrial
pressure) 3 80 4 cardiac output.
Derived variables. The kinetics of VO2 and VCO2 during
recovery were characterized by the recovery half-time (T1/2),
defined as the time needed for the peak value to decrease by
half (in seconds). Recovery cardiac output was calculated at
1-min intervals for 4 min. The kinetics of cardiac output
during recovery were characterized by the ratios of cardiac
output at 1, 2, 3 and 4 min of recovery to cardiac output at
peak exercise. Overshoot of cardiac output was defined as a
further increase in cardiac output at 1 min of recovery above
the cardiac output at peak exercise.
Statistical analysis. All data are expressed as mean 6 SD.
Multiple comparisons among groups were performed by
one-way analysis of variance (ANOVA) combined with
Tukey honestly significant difference. Linear regression
analysis was used to assess the relationship between recovery
gas exchange variables and both cardiac index at peak
exercise and kinetics of cardiac output during recovery.
Fisher’s exact probability test was used to compare the
incidence of overshoot of cardiac output at 1 min of
recovery. Comparisons of variables between patients with
overshoot and patients without overshoot were made by
unpaired t-test. Comparisons of the stroke volume or
systemic vascular resistance at peak exercise and at 1 min of
recovery were made by the paired t-test. A value of p , 0.05
was considered significant.
RESULTS
Peak VO2 and peak VCO2 decreased significantly as the
NYHA functional class severity advanced (Table 1). After
the end of exercise, ventilatory variables declined toward
their resting values at various rates. The recovery half-times
of VO2 and VCO2 increased progressively as the NYHA
class worsened (Table 1).
Hemodynamic data are reported in Table 2. Mean
arterial pressure at peak exercise was significantly lower in
class III than in class I patients, but it did not differ among
three groups during recovery. Cardiac index and stroke
volume was significantly lower and systemic vascular resis-
tance was significantly higher in class III than in class I
patients at rest, at peak exercise and during recovery.
Although mixed venous O2 saturation at rest and during
recovery was significantly lower in class III, it was not
different among the three groups at peak exercise. Arterial
oxygen saturation was controlled within the normal range in
all patients throughout the study periods. The ratios of
cardiac output during recovery to cardiac output at peak
exercise were greater in symptomatic patients (class II and
III) than in asymptomatic patients (class I) (0.97 6 0.13 vs.
0.86 6 0.13 [p , 0.05] at 1 min, 0.79 6 0.17 vs. 0.65 6
0.15 [p , 0.05] at 2 min, 0.68 6 0.14 vs. 0.54 6 0.14 [p ,
0.05] at 3 min, and 0.61 6 0.13 vs. 0.50 6 0.12 [p , 0.05]
at 4 min of recovery), which indicated that decrease in
cardiac output from its peak exercise value was delayed in
severe CHF. The ratios of cardiac output at 1, 2, 3 and
4 min of recovery to cardiac output at peak exercise were
significantly correlated with recovery half-time of VO2 (r 5
0.47 [p , 0.05] at 1 min, r 5 0.62 [p , 0.001] at 2 min,
r 5 0.62 [p , 0.001] at 3 min, and r 5 0.55 [p , 0.01] at
4 min of recovery), and were also significantly correlated
with recovery half-time of VCO2 (r 5 0.40 [p , 0.05] at
1 min, r 5 0.59 [p , 0.001] at 2 min, r 5 0.68 [p , 0.001]
at 3 min, and r 5 0.70 [p , 0.001] at 4 min of recovery).
Figure 1 shows the relationship between cardiac index at
peak exercise and the recovery half-times of VO2 and
VCO2. There was a negative correlation between the
recovery half-times of VO2 or VCO2 and cardiac index at
peak exercise.
Overshoot of cardiac output at 1 min of recovery above
the cardiac output at peak exercise was noted in 11 patients
(1 in class I, 4 in class II, and 6 in class III). The incidence
of overshoot of cardiac output was significantly higher in
symptomatic patients (class II and III) than in asymptom-
atic patients (class I) (50% vs. 10%, p , 0.05). In 11 patients
with overshoot, 6 patients were in sinus rhythm and 5 in
atrial fibrillation. In 19 patients without overshoot, 15
patients were in sinus rhythm and 4 in atrial fibrillation.
Mean age (49 6 9 years vs. 52 6 11 years), body mass index
(21.4 6 2.7 kg/m2 vs. 21.4 6 2.7 kg/m2), ejection fraction
at rest (25.2 6 7.0% vs. 30.9 6 8.3%), left ventricular
end–diastolic dimension (6.6 6 0.9 cm vs. 6.4 6 0.9 cm)
and end–systolic dimension (5.7 6 0.9 cm vs. 5.4 6 0.8 cm)
did not differ between patients with overshoot and those
without overshoot. Peak VO2 (17.6 6 3.6 ml/kg/min vs.
20.3 6 4.8 ml/kg/min, p50.11) and respiratory exchange
ratio at peak exercise (1.18 6 0.07 vs. 1.19 6 0.07) were not
different in patients with overshoot compared with patients
without overshoot. Table 3 shows comparisons of hemody-
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namic variables in patients with overshoot and those with-
out overshoot. Mean pulmonary artery pressure was signif-
icantly higher in patients with overshoot than in those
without overshoot at rest, at peak exercise and during
recovery. Mixed venous O2 saturation at peak exercise was
significantly lower in patients with overshoot than in pa-
tients without overshoot, but it did not differ at rest and
during recovery.
Figure 2 shows comparisons of cardiac index in patients
with overshoot and patients without overshoot. At rest,
there was no difference in cardiac output between patients
with overshoot and those without overshoot (2.1 6 0.6
L/min/m2 vs. 2.2 6 0.5 L/min/m2). Patients with overshoot
showed significantly lower cardiac output at peak exercise
(4.5 6 0.9 L/min/m2 vs. 6.1 6 2.1 L/min/m2, p , 0.05).
But as a result of increased cardiac output at 1 min of
recovery in patients with overshoot, there were no differ-
ences in cardiac output at 1 min of recovery (4.8 6 0.9
L/min/m2 in patients with overshoot vs. 5.1 6 1.9
L/min/m2 in patients without overshoot) or after the first
minute of recovery.
Figure 3 shows comparisons of heart rate and percent
change in heart rate from the peak exercise value between
patients with overshoot and patients without overshoot.
Heart rate at peak exercise (159 6 20 beats/min vs. 148 6
28 beats/min) and recovery of heart rate did not differ
between patients with overshoot and patients without over-
shoot. Additionally, the data for 21 patients in sinus rhythm
show that heart rate at peak exercise (152 6 17 beats/min
vs. 150 6 22 beats/min) and recovery of heart rate were not
different between patients with overshoot and those without
overshoot.
Figure 4 shows comparisons of stroke volume and percent
change in stroke volume from the peak exercise value
between patients with overshoot and patients without over-
shoot. Stroke volume at peak exercise in patients with
overshoot was significantly lower than that in patients
without overshoot. A marked increase in stroke volume at
1 min of recovery was noted in patients with overshoot
(from 43.8 6 12.7 ml at peak exercise to 57.6 6 16.6 ml at
1 min of recovery, p , 0.001), but stroke volume did not
change significantly in patients without overshoot (from
69.0 6 24.8 ml at peak exercise to 71.3 6 21.2 ml at 1 min
of recovery). Additionally, the data for 21 patients in sinus
rhythm show that stroke volume significantly increased at
1 min of recovery in 6 patients with overshoot (from 47.8 6
10.9 ml at peak exercise to 60.2 6 16.5 ml at 1 min of
recovery, p , 0.001), but that stroke volume did not change
significantly in 15 patients without overshoot (from 75.4 6
23.4 ml at peak exercise to 74.6 6 22.2 ml at 1 min of
Table 2. Hemodynamic Data in Patients at Rest, at Peak Exercise and during Recovery
NYHA Rest Peak Exercise
Recovery Time (min)
1 2 3 4
Heart rate (beats/min) I 76 6 10 159 6 19 124 6 19 109 6 17 102 6 17 98 6 16
II 89 6 13 147 6 20 120 6 21 111 6 19 105 6 17 103 6 16
III 96 6 24 147 6 32 117 6 31 107 6 27 103 6 24 101 6 25
Mean AP (mm Hg) I 100 6 7 125 6 14 107 6 14 99 6 12 96 6 9 94 6 12
II 88 6 11 111 6 16 101 6 16 98 6 15 94 6 12 91 6 11
III 91 6 12 107 6 10* 98 6 13 96 6 11 98 6 13 90 6 15
Mean PA (mm Hg) I 14 6 3 31 6 9 21 6 6 19 6 6 17 6 5 17 6 5
II 16 6 2 32 6 9 25 6 6 21 6 4 19 6 5 18 6 4
III 21 6 5*# 42 6 14 34 6 16* 30 6 12* 27 6 12* 25 6 10*
Mean RA (mm Hg) I 3 6 3 7 6 5 2 6 2 3 6 2 3 6 2 2 6 2
II 3 6 3 8 6 7 4 6 5 3 6 4 3 6 3 3 6 3
III 4 6 3 8 6 5 5 6 4 4 6 3 3 6 3 3 6 3
Cardiac index (L/min/m2) I 2.3 6 0.4 7.2 6 1.8 6.2 6 1.6 4.7 6 1.7 3.9 6 1.3 3.6 6 1.1
II 2.4 6 0.6 5.6 6 1.3* 5.2 6 1.1 4.1 6 0.6 3.5 6 0.6 3.1 6 0.5
III 1.8 6 0.4# 3.8 6 0.7*# 3.7 6 0.8* 3.1 6 0.9* 2.5 6 0.7* 2.3 6 0.6*
Stroke volume (ml) I 51 6 13 77 6 25 81 6 21 69 6 26 64 6 27 60 6 23
II 44 6 11 65 6 18 72 6 13 61 6 9 56 6 12 52 6 12
III 28 6 6*# 38 6 8*# 46 6 6*# 41 6 6*# 36 6 7*# 32 6 7*#
SVR (dynes z sec z cm25) I 2033 6 433 873 6 253 902 6 306 1171 6 470 1349 6 497 1397 6 480
II 1837 6 455 948 6 253 948 6 210 1160 6 271 1283 6 272 1411 6 322
III 2667 6 535*# 1509 6 285*# 1450 6 342*# 1762 6 419*# 2164 6 505*# 2195 6 431*#
SvO2 (%) I 59 6 4 24 6 5 49 6 7 61 6 4 62 6 4 62 6 4
II 60 6 4 29 6 7 50 6 7 62 6 3 64 6 3 64 6 4
III 52 6 4*# 25 6 7 40 6 10*# 51 6 7*# 54 6 4*# 53 6 3*#
*p , 0.05 versus NYHA I. #p , 0.05 versus NYHA II.
AP 5 arterial pressure; NYHA 5 New York Heart Association functional class; PA 5 pulmonary artery pressure; RA 5 right atrial pressure; SvO2 5 mixed venous oxygen
saturation; SVR 5 systemic vascular resistance.
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recovery). There was no significant difference in stroke
volume after the first minute of recovery.
Figure 5 shows comparisons of systemic vascular resis-
tance and percent change in systemic vascular resistance
from the peak exercise value between patients with over-
shoot and patients without overshoot. Systemic vascular
resistance at peak exercise in patients with overshoot was
significantly higher than in patients without overshoot.
Systemic vascular resistance at 1 min of recovery signifi-
cantly decreased in patients with overshoot (from 1341 6
299 dynes z sec z cm-5 at peak exercise to 1184 6 259
dynes z sec z cm-5 at 1 min of recovery, p , 0.005), but it
increased significantly in patients without overshoot (from
976 6 370 dynes z sec z cm-5 at peak exercise to 1051 6 431
dynes z sec z cm-5 at 1 min of recovery, p , 0.05). As a
result, there was no significant difference in systemic vascu-
lar resistance after the first minute of recovery.
DISCUSSION
The present study revealed that recovery of cardiac output,
as well as ventilatory variables, after maximal exercise was
delayed in advanced CHF. Overshoot of cardiac output at
1 min of recovery above the cardiac output at peak exercise
due to a marked rise in stroke volume was characteristic of
severe CHF, along with poor cardiac output response to
exercise.
Recovery of oxygen uptake after maximal exercise in
CHF. Recently, the kinetics of expired gas have been
evaluated not only during exercise but also during recovery
from exercise in patients with CHF (4–9). Cohen-Solal et
al. (5) have shown that the recoveries of ventilation, O2
uptake, and CO2 output are prolonged in patients with
CHF. They indicated that prolonged recovery of O2 uptake
is related to slow recovery of energy stores in skeletal muscle
(5). Other studies also indicated that prolonged recovery of
O2 uptake during recovery from exercise can be used to
evaluate functional capacity in patients with CHF (4,6–9).
Although these recent studies showed that ventilatory ki-
netics during recovery from exercise is prolonged in CHF
patients, to our knowledge, recovery of cardiac output from
maximal exercise in patients with CHF has not been
elucidated.
Figure 1. Scatterplots showing relationship between cardiac index
at peak exercise and recovery half-times of oxygen uptake (T1/2
VO2) and CO2 output (T1/2 VCO2).
Table 3. Hemodynamic Data at Rest, at Peak Exercise, and during Recovery in Patients with
Overshoot of Cardiac Output at One Minute of Recovery above the Peak Exercise Value and in
Patients without Overshoot
Overshoot Rest
Peak
Exercise
Recovery Time (min)
1 2 3 4
Mean AP
(mm Hg)
(1) 94 6 15 114 6 15 107 6 19 102 6 16 100 6 13 95 6 15
(2) 93 6 9 114 6 16 99 6 11 95 6 11 93 6 9 90 6 12
Mean PA
(mm Hg)
(1) 19 6 4* 40 6 11* 32 6 11* 27 6 9* 24 6 9 22 6 7*
(2) 15 6 4 31 6 11 23 6 10 19 6 8 18 6 7 17 6 5
Mean RA
(mm Hg)
(1) 4 6 3 9 6 7 5 6 5 4 6 3 4 6 3 3 6 3
(2) 3 6 3 7 6 4 3 6 3 3 6 3 3 6 3 3 6 3
SvO2 (%) (1) 56 6 6 22 6 4* 45 6 8 57 6 6 59 6 6 58 6 5
(2) 58 6 5 28 6 7 47 6 10 59 6 7 61 6 6 61 6 6
*p , 0.05 versus patients without overshoot of cardiac output.
AP 5 arterial pressure; PA 5 pulmonary artery pressure; RA 5 right atrial pressure; SvO2 5 mixed venous oxygen saturation;
(1) 5 patients with overshoot of cardiac output at one minute of recovery above the cardiac output at peak exercise (n 5 11);
(2) 5 patients without overshoot (n 5 19).
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Recovery of cardiac output after maximal exercise in
CHF. We found that not only O2 uptake but also cardiac
output fell much more slowly after maximal exercise as
CHF worsened. The pathophysiologic basis of the delayed
fall in cardiac output in severe CHF cannot be established
from the results of this study, but it was closely related to
reduced cardiac output response to exercise. In patients with
CHF, O2 uptake at identical work load is lower than in
normal subjects (11). The lower O2 uptake at identical work
load results from a slower increase in O2 uptake during
exercise (8,12). Inadequate cardiac output increment during
exercise probably accounts for the prolongation of O2
uptake kinetics in CHF (12), thereby increasing the O2
deficit during exercise. Koike et al. (8) have shown that the
delayed kinetics of O2 uptake during exercise (a reflection of
the increased O2 deficit) are closely related to prolonged
recovery of O2 uptake after exercise (a reflection of the
increased O2 debt) in patients with CHF. The delayed fall
in cardiac output during recovery, in conjunction with the
prolonged recovery of O2 uptake, appears to act for the
repayment of increased O2 debt, at least in part.
Sumimoto et al. (13,14) have shown that cardiac output
during recovery in CHF patients apparently exceeds the O2
demand of whole body tissues, because mixed venous
oxygen saturation increases above the resting value during
the early recovery phase. They indicated that high cardiac
output during recovery is predominantly responsible for
CO2 elimination (14). By any of these mechanisms, pro-
longed O2 uptake or CO2 output kinetics during recovery
from exercise, which are closely related to reduced cardiac
output at peak exercise and delayed fall in cardiac output
during recovery, represent markers of circulatory impair-
ment in CHF.
Overshoot of cardiac output during recovery. Reddy et
al. (10) have shown that during light isometric exercise that
requires 25% of maximal voluntary contraction, cardiac
output increased in normal subjects but remained un-
changed in severe CHF patients. At 90 s of recovery, cardiac
output returned to resting values in normal subjects,
whereas cardiac output increased in severe CHF (10).
However, to our knowledge, the overshoot of cardiac output
above the peak exercise value during recovery from maximal
upright exercise has not been reported previously. Although
left ventricular ejection fraction and cardiac output at rest
were not different in patients with overshoot and in those
without overshoot, patients with overshoot showed higher
Figure 2. Line graphs showing cardiac index at rest, at peak
exercise and during 4 min of recovery, and percent (%) change in
cardiac output from the peak exercise value in patients with
overshoot of cardiac output at 1 min of recovery above the cardiac
output at peak exercise (open square) and in patients without
overshoot (closed square). * p , 0.05 compared with patients
without overshoot.
Figure 3. Line graphs showing heart rate at rest, at peak exercise
and during 4 min of recovery, and percent (%) change in heart rate
from the peak exercise value in patients with overshoot of cardiac
output (open square) and in patients without overshoot (closed
square).
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systemic vascular resistance, lower stroke volume and car-
diac output, and elevated mean pulmonary artery pressure at
peak exercise. Reduced cardiac output reserve and severely
attenuated vasodilator response to exercise characterized
patients with overshoot of cardiac output during early
recovery.
Overshoot of cardiac output was caused by a marked
increase in stroke volume during recovery. A slight rebound
in stroke volume after exercise has been reported in normal
subjects, especially in the supine position, and in patients
with coronary artery disease (15–17). Koike et al. have
shown a marked rebound of stroke volume just after
cessation of upright exercise in patients with old myocardial
infarction. The rise in stroke volume is chiefly a result of a
significant decrease in end–systolic volume and a significant
increase in ejection fraction during several minutes of
recovery (17). Previous studies have shown that minimal
value of systemic vascular resistance is recognized at peak
exercise, and that the systemic vascular resistance at peak
exercise is significantly higher in severe CHF (18–20).
Although the insufficient afterload reduction during exercise
in CHF contributes to the impaired stroke volume response
to exercise (18), systemic vascular resistance during early
recovery has not been fully evaluated in patients with CHF.
The present study showed, for the first time, that systemic
vascular resistance at 1 min of recovery significantly de-
creased from that at peak exercise in patients with CHF
who showed overshoot of cardiac output during recovery.
Plasma catecholamines are still elevated above the resting
value during this early phase of recovery (20,21). The
marked increase in stroke volume during early recovery in
patients with overshoot appears to result from both an
immediate afterload reduction and a relatively slow decrease
in cardiac sympathetic stimulation during recovery.
Possible mechanism of circulatory control during recov-
ery in severe CHF. During exercise, increase in sympa-
thetic activity serves to increase vascular resistance in non-
working tissues (22). In working skeletal muscle, local
metabolic factors and endothelium-derived substances such
as nitric oxide and prostaglandins override the neurohu-
moral vasoconstrictor stimuli and produce vasodilation (23–
29). In patients with severe CHF, the minimal skeletal
muscle vascular resistance in response to exercise is in-
creased, thereby decreasing blood flow to working skeletal
muscle compared with normal subjects (19,20). Increased
renin–angiotensin–aldosterone system activity, rather than
sympathetic activity, plays a predominant role for marked
Figure 4. Line graph showing stroke volume at rest, at peak
exercise and during 4 min of recovery, and percent (%) change in
stroke volume from the peak exercise value in patients with
overshoot of cardiac output (open square) and in patients without
overshoot (closed square). * p , 0.05 compared with patients
without overshoot.
Figure 5. Line graphs showing systemic vascular resistance at rest,
at peak exercise and during 4 min of recovery, and percent (%)
change in systemic vascular resistance from the peak exercise value
in patients with overshoot of cardiac output (open square) and in
patients without overshoot (closed square). * p , 0.05 compared
with patients without overshoot.
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elevation in vasoconstrictor activity during exercise in CHF
(30,31). The attenuation of the nitric oxide-dependent
vasodilation also contributes at least in part to the increased
vascular resistance in patients with CHF (26,27,32,33)
The local control system of peripheral circulation during
recovery has not been fully elucidated, especially in patients
with CHF. However, the following mechanism may con-
tribute to the reduction in systemic vascular resistance and
the overshoot of cardiac output during early recovery in
severe CHF. Previous studies showed that a reduction of
blood flow to the splanchnic, renal and non-exercising
skeletal muscle during exercise was recognized in severe
CHF (22,34,35). If this redistribution of blood flow from
non-exercising regions to exercising muscle occurs during
exercise in severe CHF, reversal of the excessive vasocon-
striction in the non-exercising area may induce a decrease in
systemic vascular resistance and an increase in blood flow to
non-working region during early recovery. However, recent
studies have shown that blood flow to non-exercising
regions does not decrease during exercise in patients with
severe CHF (19,31). The forearm blood flow or non-leg
blood flow remains unchanged from the resting level during
maximal leg exercise in patients with severe CHF and
normal subjects (19,31). In the present study, patients with
overshoot of cardiac output during early recovery showed
lower cardiac output and lower mixed venous O2 saturation
at peak exercise, suggesting that more severe muscle under-
perfusion occurred and that O2 deficit and regional ischemia
thereby increased. Attenuation of intense vasoconstriction
in the working skeletal muscle due to augmented local
metabolic and endothelial vasodilator stimuli, coupled with
reduced neurohumoral vasoconstrictor activities, may pro-
duce decreased vascular resistance and increased blood flow
to the working skeletal muscle during early recovery. There-
fore, increased cardiac output during early recovery may be
distributed to exercised skeletal muscle to repay the higher
O2 deficit in patients with overshoot of cardiac output.
The local control of peripheral circulation is complex, and
the role of neurohumoral factors, metabolic factors and
endothelium-derived substances in the regulation of vascu-
lar resistance and blood flow distribution during exercise
and recovery in severe CHF has not been established.
Further studies are needed to clarify circulatory regulation
during recovery.
Study limitations. In contrast to the measurement of O2
uptake or CO2 output using a breath-by-breath basis,
continuous measurement of cardiac output during exercise
or recovery is extremely difficult. We measured cardiac
output at 1-min intervals and assessed the cardiac output
kinetics during recovery by the ratios of cardiac output at 1,
2, 3, and 4 min of recovery to the cardiac output at peak
exercise instead of determining the recovery half-time of
cardiac output. However, our findings of an increased ratio
of recovery cardiac output to cardiac output at peak exercise
in severe CHF and a higher incidence of overshoot of
cardiac output during early recovery in severe CHF indicate
that delayed kinetics of cardiac output during recovery are
characteristic of severe CHF.
There was no control group in this study. A recent study
showed that recovery half-time of O2 uptake is significantly
shorter in normal subjects than in CHF patients (5). In the
present study, prolonged O2 uptake kinetics during recovery
were closely correlated with a delayed fall in cardiac output
during recovery. Cardiac output recovery must be rapid in
normal subjects (36).
This study was performed on a somewhat heterogeneous
patient population, but all patients had homogeneously
depressed left ventricular systolic function without exercise-
induced myocardial ischemia. There is no reason to believe
that the kinetics of O2 uptake or cardiac output during
recovery are influenced by the etiology of CHF.
We evaluated overshoot of cardiac output at 1 min of
recovery, and did not estimate overshoot of cardiac output
during 0 to 60 s of recovery. However, our findings that the
overshoot of cardiac output at 1 min of recovery above the
peak exercise value is more common in severe CHF sug-
gested that prolonged overshoot of cardiac output after
exercise is characteristic of severe CHF.
Conclusions. The prolonged kinetics of O2 uptake or
CO2 output during recovery from maximal exercise repre-
sent circulatory impairment during exercise and delayed
recovery of cardiac output after exercise in CHF patients.
The overshoot of cardiac output at 1 min of recovery above
the cardiac output at peak exercise, which is caused by an
increase in stroke volume due to a reduction in systemic
vascular resistance, is characteristic of severe CHF with poor
cardiac output response to exercise. The increased cardiac
output during early recovery in patients with severe CHF
may act as a compensation mechanism for insufficient
cardiac output during exercise.
Reprint requests and correspondence: Dr. Yasuhiko Tanabe,
Department of Internal Medicine, Niigata Prefectural Shibata
Hospital, Ohte-machi 4-5-48, Shibata City, Niigata 957-8588,
Japan.
REFERENCES
1. Franciosa JA, Ziesche S, Wilen M. Functional capacity of patients
with chronic left ventricular failure. Relationship of bicycle exercise
performance to clinical and hemodynamic characterization. Am J Med
1979;67:460–6.
2. Weber KT, Kinasewitz GT, Janicki JS, et al. Oxygen utilization and
ventilation during exercise in patients with chronic cardiac failure.
Circulation 1982;65:1213–23.
3. Wilson JR, Martin JL, Schwartz D, et al. Exercise intolerance in
patients with chronic heart failure: role of nutritive flow to skeletal
muscle. Circulation 1984;69:1079–87.
4. Hayashida W, Kumada T, Kohno F, et al. Post-exercise oxygen uptake
kinetics in patients with left ventricular dysfunction. Int J Cardiol
1993;38:63–72.
5. Cohen-Solal A, Laperche T, Morvan D, et al. Prolonged kinetics of
recovery of oxygen consumption after maximal graded exercise in
patients with chronic heart failure. Circulation 1995;91:2924–32.
1235JACC Vol. 35, No. 5, 2000 Tanabe et al.
April 2000:1228–36 Hemodynamic Recovery After Exercise in CHF
6. Riley M, Stanford CF, Nicholls DP. Ventilatory and heart rate
responses after exercise in chronic cardiac failure. Clin Sci 1994;87:
231–8.
7. Sietsema KE, Ben-Dov I, Zhang YY, et al. Dynamics of oxygen
uptake for submaximal exercise and recovery in patients with chronic
heart failure. Chest 1994;105:1693–700.
8. Koike A, Yajima T, Adachi H, et al. Evaluation of exercise capacity
using submaximal exercise at a constant work rate in patients with
cardiovascular disease. Circulation 1995;91:1719–24.
9. de Groote P, Millaire A, Decoulx E, et al. Kinetics of oxygen
consumption during and after exercise in patients with dilated cardio-
myopathy. New markers of exercise intolerance with clinical implica-
tions. J Am Coll Cardiol 1996;28:168–75.
10. Reddy HK, Weber KT, Janicki JS, et al. Hemodynamic, ventilatory
and metabolic effects of light isometric exercise in patients with
chronic heart failure. J Am Coll Cardiol 1988;12:353–8.
11. Cohen-Solal A, Chabernaud JM, Gourgon R. Comparison of oxygen
uptake during bicycle exercise in patients with chronic heart failure and
in normal subjects. J Am Coll Cardiol 1990;16:80–5.
12. Koike A, Hiroe M, Adachi H, et al. Oxygen uptake kinetics are
determined by cardiac function at onset of exercise rather than peak
exercise in patients with prior myocardial infarction. Circulation
1994;90:2324–32.
13. Sumimoto T, Sugiura T, Takeuchi M, et al. Overshoot of mixed
venous oxygen saturation during recovery from supine bicycle exercise
in patients with recent myocardial infarction. Chest 1993;103:514–20.
14. Sumimoto T, Sugiura T, Takeuchi M, et al. Oxygen utilization,
carbon dioxide elimination and ventilation during recovery from
supine bicycle exercise 6 to 8 weeks after acute myocardial infarction.
Am J Cardiol 1991;67:1170–4.
15. Goldberg DI, Shephard RJ. Stroke volume during recovery from
upright bicycle exercise. J Appl Physiol 1980;48:833–7.
16. Stein RA, Michielli D, Fox EL, et al. Continuous ventricular
dimensions in man during supine exercise and recovery. An echocar-
diographic study. Am J Cardiol 1978;41:655–60.
17. Koike A, Ito H, Doi M, et al. Beat-to-beat evaluation of cardiac
function during recovery from upright bicycle exercise in patients with
coronary artery disease. Am Heart J 1990;120:316–23.
18. Weber KT, Janicki JS. Cardiopulmonary exercise testing for evaluation
of chronic cardiac failure. Am J Cardiol 1985;55:22A–31A.
19. Sullivan MJ, Knight JD, Higginbotham MB, et al. Relation between
central and peripheral hemodynamics during exercise in patients with
chronic heart failure. Muscle blood flow is reduced with maintenance
of arterial perfusion pressure. Circulation 1989;80:769–81.
20. Sumimoto T, Kaida M, Yuasa F, et al. Skeletal muscle hypoperfusion
during recovery from maximal supine bicycle exercise in patients with
heart failure. Am J Cardiol 1996;78:841–4.
21. Dimsdale JE, Hartley LW, Guiney T, et al. Postexercise peril. Plasma
catecholamine and exercise. JAMA 1984;251:630–2.
22. Mason DT, Zelis R, Longhurst J, et al. Cardiocirculatory responses to
muscular exercise in congestive heart failure. Prog Cardiovasc Dis
1977;19:475–89.
23. Carlsson I, Sollevi A, Wennmalm Å. The role of myogenic relaxation,
adenosine and prostaglandins in human forearm reactive hyperemia.
J Physiol 1987;389:147–61.
24. Goonewardene IP, Karim F. Attenuation of exercise vasodilation by
adenosine deaminase in anaesthetized dogs. J Physiol 1991;442:65–79.
25. Hellsten Y, Maclean D, Rådegran G, et al. Adenosine concentrations
in the interstitium of resting and contracting human skeletal muscle.
Circulation 1998;98:6–8.
26. Gilligan DM, Panza JA, Kilcoyne CM, et al. Contribution of
endothelium-derived nitric oxide to exercise-induced vasodilation.
Circulation 1994;90:2853–8.
27. Katz S, Krum H, Khan T, et al. Exercise-induced vasodilation in
forearm circulation of normal subjects and patients with congestive
heart failure: role of endothelium-derived nitric oxide. J Am Coll
Cardiol 1996;28:585–90.
28. Kilbom Å, Wennmalm Å. Endogeneous prostaglandins as local
regulators of blood flow in man: effect of indomethacin on reactive and
functional hyperemia. J Physiol 1976;257:109–21.
29. Wilson JR, Kapoor SV. Contribution of prostaglandins to exercise-
induced vasodilation in human. J Appl Physiol 1993:265:H171–H175.
30. Kirlin PC, Grekin R, Das S, et al. Neurohumoral activation during
exercise in congestive heart failure. Am J Med 1986;81:623–9.
31. Wilson JR, Frey MJ, Mancini DM, et al. Sympathetic vasoconstriction
during exercise in ambulatory patients with left ventricular failure.
Circulation 1989;79:1021–7.
32. Hirooka Y, Imaizumi T, Tagawa T, et al. Effect of L-arginine on
impaired acetylcholine-induced and ischemic vasodilation of the fore-
arm in patients with heart failure. Circulation 1994;90:658–68.
33. Hambrecht R, Fiehn E, Weibl C, et al. Regular physical exercise
corrects endothelial dysfunction and improves exercise capacity in
patients with chronic heart failure. Circulation 1998;98:2709–15.
34. Higgins CB, Vatner SF, Franklin VD, et al. Effects of experimentally
produced heart failure on the peripheral vascular response to severe
exercise in conscious dogs. Circ Res 1972;31:186–94.
35. Zelis R, Mason DT, Braunwald E. Partition of blood flow to the
cutaneous and muscular beds of the forearm at rest and during leg
exercise in normal subjects and patients with heart failure. Circ Res
1969;24:799–806.
36. Johnson EC, Hudson TL, Greene ER. Left ventricular hemodynamics
during exercise recovery. J Appl Physiol 1990;69:104–11.
1236 Tanabe et al. JACC Vol. 35, No. 5, 2000
Hemodynamic Recovery After Exercise in CHF April 2000:1228–36
